This paper reviews recent developments in research in nanostructured permanent magnets (hard magnetic materials) with emphasis on bottom-up approaches to fabrication of hard/soft nanocomposite bulk magnets. Theoretical and experimental findings on the effects of soft phase and interface conditions on interphase exchange interactions are given. Synthesis techniques for hard magnetic nanoparticles, including chemical solution methods, surfactant-assisted ball milling and other physical deposition methods are reviewed. Processing and magnetic properties of warm compacted and plastically deformed bulk magnets with nanocrystalline morphology are discussed. Prospects of producing bulk anisotropic hard/soft nanocomposite magnets are presented.
A brief history
Permanent magnets are essential components in modern technologies, used in many electric and electronic devices from computers, appliances to medical equipment. Emergent applications of permanent magnets in renewable energy have come to the landscape recently, for instance the large-scale applications in electrical vehicles and wind turbines. It has been proved that traction motors and wind turbine generators using permanent magnets are more energy efficient compared with other options. Permanent magnets are also necessary for other power-related novel applications in order to make electric devices smaller, lighter and more energy efficient in the 21st century [1] .
The naturally occurring rock containing Fe 3 O 4 magnetic materials have been known as the earliest permanent magnets for more than a thousand years, with their first reported application as compasses in the Chinese chronicles. The performance of permanent magnets has been improved multifold over the centuries [2] . The 20th century witnessed an extraordinary development of hard magnetic materials [2] [3] [4] . Figure 1 shows progress in the development of maximum energy product (BH) max , the figure of merit of a permanent magnet, within the last 100 years [4] . The remarkable development in permanent magnets in the last century has come as a result of discoveries of better materials. Ironbased tungsten steel magnets were developed at the end of the 19th century and by 1917, cobalt steel magnets had been discovered in Japan. The first major improvement in hard magnetic materials took place in 1931 with the development of the aluminium-nickel-cobalt-iron family named Alnico [5] . Alnico magnets have superior properties compared with previously available steel magnets. They have strong shape anisotropy with the two-phase nanostructures consisting of small elongated ferromagnetic FeCo particles precipitated in a weakly magnetic Al-Ni matrix, leading to significant magnetic hardness. The next major step forward in the development of permanent magnets was with the introduction of hexagonal hard ferrites of (Ba/Sr)Fe 12 O 19 ceramic magnets in the 1950s by the Philips laboratories [6] . Due to the large magnetocrystalline anisotropy of these materials, they have much larger coercivity than the previous permanent magnets. However, the disadvantages of the ceramic magnets are their low Curie temperatures and low magnetization. The most significant breakthrough came in the 1960s with the discovery of rare-earth permanent magnets in several rare-earth-cobalt (R-Co) intermetallic RCo 5 type compounds [7] . Among the several binary R-Co compounds studied, the SmCo 5 compound has the highest magnetocrystalline anisotropy, therefore the highest possible coercivity in the magnets based on this compound [8, 9] .
Magnets based on the hexagonal SmCo 5 compound are recognized as the first generation of rare-earth highperformance magnets. These magnets showed much larger coercivity and energy products than those obtained in the previous hard magnetic materials. On the other hand, they also have excellent thermal stability and are therefore good for high-temperature applications. The second generation of rare-earth magnets was soon discovered based on the Sm 2 Co 17 compound with the addition of minor amount of Cu, Fe and Zr [10] [11] [12] [13] [14] .
In comparison with the first generation R-Co magnets, the higher Co content has given the second generation magnets advantages of increased magnetization (and therefore energy product) as well as very high Curie temperature. However, they have relatively low magnetocrystalline anisotropy compared with the SmCo 5 -based magnets. The coercivity of Sm 2 Co 17 -based magnets was developed from the 'cellular microstructure' formed via a complex heat treatment [12, 13] .
Because of the high price of Sm and Co, in the 1970s many attempts were made to produce Co free magnets using ironbased rare-earth compounds having similar characteristics of the Sm-Co compounds. Unfortunately, no suitable binary R-Fe compounds with the CaCu 5 structure were found [15] . In 1984, long sought new Fe-based high-energy product magnets based on the ternary Nd 2 Fe 14 B phase were reported by Sagawa et al [16, 17] and Croat et al [18, 19] for sintered magnets and rapidly quenched magnets, respectively. The energy products of the new Nd-Fe magnets were remarkably higher than the Sm-Co-based magnets and the new Nd-Fe magnets were therefore called the third generation of rare-earth permanent magnets.
With the advent of Nd 2 Fe 14 B magnets production and applications in large scale in the past two decades, the third generation of rare-earth magnets have become the most important permanent magnets in the market owing to their excellent magnetic properties at room temperature and their relatively low cost per energy-density unit (till the recent rareearth price hike in 2011). If there had not been a resource supply problem raised after 2009 when China started to impose more control over its rare-earth export, the sustainability issue related to Nd-Fe-B applications would not have caused as much attention as we have now. In fact, the root of the so-called 'rare-earth crisis' in 2011 is not the scarcity of Nd and other light rare earths. Light rare-earth elements are not rare on earth compared with many other metals that we use in much larger quantities (e.g. Cu). The real problem is the scarcity of heavy rare earths (mainly Dy and Tb) that are widely used as doping elements in Nd-Fe-B magnets to improve their performance at elevated temperatures (above 100
• C). From a technical point of view, the Nd 2 Fe 14 B compound is congenitally deficient for operation at high temperatures because of its low Curie temperature (∼300
• C) and relatively low magnetocrystalline anisotropy. To compensate the strong temperature dependence of the coercivity of Nd 2 Fe 14 B-based magnets, a significant amount of heavy rare earths have to be added in order to use the magnets at temperatures above 100
• C [15, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . The gain from this doping becomes extraordinarily expensive: it makes Dy and Tb the most critical elements with very high and fluctuating market price for their unreliable supply [35] . In addition, doping of heavy rare earths reduces the roomtemperature magnetization and therefore the energy product of Nd-Fe-B magnets. Therefore, the 'rare-earth crisis' is actually a 'dysprosium crisis'. Recently, a great deal of effort has been made to decrease use of heavy rare earths in Nd-Fe-B magnets using different methodologies [36] [37] [38] .
The emergent large-scale applications of rare-earth permanent magnets in electric vehicles and wind turbines all require high-temperature performance of the magnets, while heavy rare-earth use is not sustainable. In this circumstance, to design and develop new types of permanent magnets containing no heavy rare earths but with high performance at elevated temperatures has become extremely important and urgent.
Nanoscale hard magnetic materials, especially exchangecoupled nanocomposite magnets, have demonstrated new opportunities for development of future generations of permanent magnets [39] . Different from what we have seen in the last century, the new generations of permanent magnets may not be based on single-phase magnetic alloys and compounds but composite materials of known hard and soft magnetic phases with required nanoscale morphology. As a result, future development of hard magnetic materials may not be like the 'Moore's law' pattern shown in figure 1 rather in a 'diversified' manner: all materials are designed for specific applications. For instance, future magnets for electric vehicle and wind turbine applications may be nanocomposite magnets based on Sm-Co hard phases and Fe (or Fe-Co) soft phase with materials cost lower than the current Nd-Dy-Fe-B magnets while having greatly improved high-temperature energy product and coercivity. If this kind of novel magnets can be produced, the 'dysprosium crisis' will be removed from the root cause.
Compared with traditional magnetic materials that have been developed for centuries, research in nanoscale hard magnetic materials have only had a history of about a couple of decades. In this paper, we will review recent advances in the research in nanostructured hard magnetic materials with emphasis in bottom-up approaches to fabrication of nanocomposite magnets. In section 2 of this paper we will discuss some fundamental issues related to exchange-coupled nanocomposite magnets. Section 3 is devoted to an overview of preparation of hard magnetic nanoparticles using different methods including chemical solution synthesis, surfactantassisted ball milling and other physical methods. Section 4 describes technical approaches to fabrication of nanostructured bulk magnets. In section 5 a brief review on non-rare-earth hard magnetic materials is given.
Exchange-coupled nanocomposite magnets-a fundamental point of view
Although the three generations of current rare-earth permanent magnets have nearly reached their theoretic limits of maximum energy product, none of them has all the required properties for effective applications. Table 1 shows the intrinsic magnetic properties of the major hard magnetic compounds. It is highly desirable to develop an ideal permanent magnet that will possess high magnetization, high coercivity and high Curie temperature. It is also desirable that all these excellent properties are achieved at a low material cost. Despite tremendous efforts dedicated to searching for new permanent magnetic materials after the Nd-Fe-B magnets, no single compound or alloy has yet been discovered which possesses all the required properties. Although more search can be carried out in the future, it is clear to the authors of this paper that we will not see 'Moore's law' growth of energy product of single-phase magnets in the future, for the reason that the theoretical limit for the energy product of a magnet is given by ( [42] proposed their simulation model to obtain high-energy product by making an exchangecoupled hard/soft nanocomposite magnet, also referred to as exchange-spring magnets. The soft phase provides the high magnetization and the hard phase provides the magnetic anisotropy. The concept was further explored by Skomski and Coey [43] theoretically and a prediction was given that a giant energy product of 120 MG Oe can be attainable in an oriented nanostructured Sm 2 Fe 17 N 3 /FeCo composite magnet. It was also predicted that, for effective exchange coupling, the grain size of the soft phase should not be larger than twice the domain-wall thickness of the hard phase while a substantial amount of the soft phases (>50%) needs to be inserted into the hard phase (in this view, the hard-phase dimension must be small enough too).
The concept of exchange-coupled nanocomposite magnets provides an excellent opportunity for materials design for permanent magnets for future applications. It is feasible to design and devise a composite permanent magnet that has all the required properties by choosing suitable hard and soft phases and by adjusting the phase ratio. In the meantime, the materials cost of the composite magnets should be significantly lower than the single-phase hard magnetic materials because the soft phases (mainly iron) are always cheap.
Since 1991, there has been remarkable progress in demonstrating the exchange-spring concept theoretically [44] [45] [46] [47] and experimentally [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] in various hard/soft systems produced using various techniques including mechanical alloying, rapid quench and thin-film deposition. The University of Nebraska group has systematically studied FePt-based anisotropic nanocomposite thin films prepared by sputtering and rapid thermal annealing and has achieved energy product of greater than 40 MG Oe in 1998 [51] and ∼54 MG Oe in 2011 [60] , while the theoretical (BH) max value for singlephase FePt is 50 MG Oe. This group has also reported a very high-energy product value of about 25 MG Oe in isotropic nanocomposite particles (nanoclusters) produced by plasma sputtering [61] , which is also remarkably higher than the theoretical value for the isotropic single-phase counterpart (∼13 MG Oe). A recent report by Sawatzki et al [62] is exciting. They achieved in the SmCo 5 /Fe multilayer system a greatly enhanced energy product of 39 MG Oe which is significantly higher than the theoretical value of the anisotropic single-phase SmCo 5 magnets (31 MG Oe).
From year 2000, we started the bottom-up approaches to fabricate nanocomposite magnets using magnetic nanoparticles as the building blocks. The proof of the concept was obtained in the nanocomposite system FePt-Fe 3 O 4 made from self-assembled nanoparticles with particle size down to a few nanometres. Greater than 50% energy product enhancement was achieved in the composite (∼20 MG Oe, [59] ). More and more work has been carried out since then in this subject, as we will be discussing in the next section with more details.
Although the energy product enhancement has been proved undoubtedly by the experimental evidence, previous simulations did not take into account the effects of soft phase and interphase on the interphase exchange coupling. Our investigation [63] has shown that the soft phase properties including anisotropy and magnetization of the soft phase component in the composite have direct effect on the critical soft phase dimension. Equation (1) is an analytical solution for the critical soft-phase dimension derived from a simple exchange-coupled bilayer system:
where J is the exchange strength, K's are anisotropy constants and M's are saturation magnetizations (subscripts S and H denote the soft phase and the hard phase, respectively). This equation indicates that a less soft phase (or say a 'semi-hard' phase) will lead to a larger critical soft phase dimension. Guo et al [64] presented a more sophisticated modelling analysis in which the moments in the soft phase do not rotate coherently.
The exchange field, H ex , between the hard and soft phase can be expressed as
where A s is the exchange interaction strength in the soft phase. This equation reveals that the exchange strength between the hard and the soft phase is also strongly dependent on the soft phase parameters. According to our new models, the FeCo alloy with high magnetization and relatively high anisotropy is the best soft phase for exchange-coupled nanocomposite magnets [58] . Asti et al [65] obtained a similar conclusion from their micromagnetic analysis. Jiang et al [66] and Choi et al [67] studied the interfacial modification by annealing or high-temperature deposition of epitaxial Sm-Co/Fe bilayers and qualitatively showed that an intermixed interface strengthens the exchange coupling and thus enhances the energy product. A detailed investigation into the magnetization reversal processes was obtained by combining micromagnetic simulation with element-and depthresolved x-ray resonant magnetic scattering. A graded interface formed by significant Co diffusion into the Fe layer gives a wave-like composition profile which favours exchange coupling. Recently, Zhang et al [68] investigated the microstructure and interfacial diffusion systematically in SmCo 5 /Fe bulk nanocomposite magnets using quantitative energy dispersive spectroscopy (EDS) and parallel electron energy loss spectroscopy (PEELS). A graded composition across the interface between the hard and soft phases was confirmed by both EDS and PEELS line scan profiles as seen in figure 2 [68] . Breton et al [69] showed their similar results in a recent report on ball milled and annealed SmCo 5 /Fe alloy characterized using different analytical techniques.
We have also studied composition distribution in bulk nanocomposite magnets using three-dimensional (3D) atom probe analysis. A 3D atom map of Sm and Fe (shown in figure 3 ) conducted for a SmCo 5 + 20 wt% Fe nanocomposite bulk magnet [55, 70] gives the wave-like composition profile due to the interdiffusion during the processing which resulted in effective interphase exchange coupling.
The above results based on renewed modelling and experimental works have shown that a well-chosen soft phase and engineered interface will further enhance the energy product of a nanocomposite hard/soft magnet. Recent theoretical studies by Skomski [71] , by Sato et al [72] and by Xia [73] on nanocomposite magnets have considered effects of 'semi-hard phase' and orientation of the grains on the interphase exchange coupling. Those factors were largely neglected in the early modelling work. The new modelling work should provide more guideline to the future materials design and development.
Bottom-up approaches-magnets made from nanoparticles
As we mentioned in the last section, we started ten years ago bottom-up approaches to produce bulk nanocomposite magnetic materials.
In these approaches, magnetic nanoparticles and/or nanocrystalline fine powders are used as the building blocks of nanocomposite magnets [54] [55] [56] [57] [58] [59] .
Magnetic nanoparticles with controlled size and geometry have drawn great attention in the last decade for fundamental scientific studies and for their potential applications in magnetic materials and devices as well as in biomedicine [59, [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] .
Fundamentally, ferromagnetism is a sizedependent physical phenomenon. The finite size model established many decades ago has given a quantitative dependence of ferromagnetic properties on ferromagnet dimensions [94] . In figure 4 it is seen that there are very few choices for materials that can be used to produce ferromagnetic nanoparticles with size down to several nanometres, including the intermetallic compounds of FePt, SmCo 5 and Nd 2 Fe 14 B, that have very high magnetocrystalline anisotropy [81, 83] . However, synthesis of the highly sought ferromagnetic nanoparticles with small size turns out to be a non-trivial task, although a lot of work in synthesis of oxide-based magnetic nanoparticles have been reported in the past two decades [95] . The oxide-based magnetic nanoparticles have quite large superparamagnetic transition size, as shown in figure 4 .
In 2000, Shouheng Sun and his colleagues at IBM [74] reported their pioneering work in chemical synthesis of FePt nanoparticles with well-controlled particle size for magnetic recording media applications.
Advantages of chemical synthesis of nanoparticles are obvious, including the good control of particle size and size distribution. In this section, we will review the major methodology adopted recently in synthesis of hard magnetic nanoparticles.
Chemical synthesis and salt-matrix annealing
Among the limited methods employed for hard magnetic nanoparticle synthesis, chemical solution method is the most versatile way of controlling particle size, shape and size distribution . In our laboratory, FePt nanoparticles were prepared with size controlled in the range 2-9 nm with 1 nm difference [75] . The reduction of platinum acetylacetonate and decomposition of iron pentacarbonyl in the presence of oleic acid and oleylamine as stabilizers resulted in monodisperse FePt nanoparticles. Modifying the synthesis method, special shape such as nanorods and nanowires can also be obtained, as shown in figure 5 [75] [76] [77] [78] . In addition, core/shell and brick-like composite nanoparticles can also be synthesized [103, 104] .
Generally, as-synthesized FePt nanoparticles take disordered face-centred-cubic (fcc) structure without ferromagnetism in nanoscale. High-temperature heat treatment (>600
• C) is required to transform completely the fcc structure to face centred tetragonal (fct) structure to obtain the L1 0 ordering [75] [76] [77] [78] . However, conventional annealing at high temperature causes serious sintering of nanoparticles that destroys nanoscale morphology of the nanoparticles. In 2005, our laboratory developed a novel annealing method known as salt-matrix annealing and produced ferromagnetic L1 0 FePt nanoparticles ranging from 3 to 15 nm [79] . The salt-matrix acts as a separating media to prevent sintering of nanoparticles during high-temperature heat treatment. Figure 6 shows the TEM images of L1 0 FePt nanoparticles using the salt-matrix annealing method [80] . Giant coercivity over 30 kOe was achieved for 8 nm L1 0 FePt nanoparticles (see figure 7 ) [79, 80] . Combined with chemical solution methods, salt-matrix annealing can also be applied to produce , (e) nanocubes (9 ± 0.9 nm) and (f ) nanosized multipods (18 ± 1.5 nm) [78] . Figure 6 . TEM images of as-synthesized FePt nanoparticles of (a) 2, (b) 4, (c) 6, (d) 8 and (e) 15 nm, and salt-annealed nanoparticles of (f ) 2, (g) 4, (h) 6, (i) 8 and (j) 15 nm. The annealing conditions for a 2 nm particle are 973 K for 8 h, while those for other particles are 973 K for 4 h. The SAED patterns are also given for 2 and 15 nm salt-annealed particles [80] .
FeCo nanoparticles with well-controlled particle size and size distribution [105] .
Success in applying the chemical methods to synthesize FePt and ferrite nanoparticles inspired people to synthesize Sm-Co and Nd-Fe-B nanoparticles in similar approaches. A number of attempts have been made to synthesize the rare-earth containing hard magnetic nanoparticles with various chemical solution methods [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] . Chemical reduction and thermal decomposition of molecular precursors were also employed for the preparation of rare-earth transition-metal nanoparticles. However, unlike the noble metal systems and ferrites, synthesis of ultrafine rare-earth containing particles turns out to be extremely difficult because of the instability of rare-earth materials under ambient conditions. Table 2 gives a survey of reported chemical synthetic approaches for preparation of rareearth transition-metal nanoparticles (SmCo-and NdFeB-based nanoparticles). The reaction conditions, the nature of the precursors, solvents, and capping agents, and the morphology of the resulting nanocrystals have been listed.
Until now chemical synthesis of SmCo and NdFeB nanoparticles has had very limited success in obtaining high coercivity and high purity samples. Direct solution-phase synthesis of SmCo-and NdFeB-based nanoparticles from metal salt reduction turns out to be impossible, not only for the high negative reduction potential of the rare-earth ions but also for the nanoparticle instability due to their huge surface area which is not considered in conventional thermodynamic calculations based on the equilibrium bulk materials systems.
Hou et al developed a two-step synthetic approach to prepare nanocrystalline SmCo 5 with micrometre-sized particles by high-temperature reductive annealing of the Co@Sm 2 O 3 core/shell nanoparticles in Ca [122] . KCl was added to prevent excessive grain growth during reduction. By properly tuning the dimension of the Sm 2 O 3 shell, different phases of the Sm-Co system can be obtained after the annealing. SmCo/Fe nanocomposite nanocrystals were produced by adding Fe 3 O 4 nanoparticles into the Sm-Co-O matrix before the annealing [123] . Chaubey et al [124] reported a similar reduction method to synthesize SmCo 5 (or Sm 2 Co 17 ) and SmCo 5 /Fe composite nanocrystals by controlling composition and grain size by high-temperature reduction of metal and metal oxide nanoparticles (as given schematic in figure 8 ).
Figure 9(A) shows the XRD patterns as-prepared Sm 2 O 3 and Co particles and SmCo nanocrystals obtained after reductive annealing at 900
• C in the presence of calcium. At high temperatures the Sm 2 O 3 particles can be reduced and Sm will diffuse into cobalt nanoparticles to form the hard magnetic Sm-Co phases. Figure 9 (B) shows the HRTEM image of SmCo 5 nanocrystals obtained after the hightemperature reduction annealing. Figure 10 shows roomtemperature hysteresis loops of the SmCo 5 nanocrystals and SmCo 5 /Fe nanocomposite. The coercivity up to 12 kOe and saturation magnetization of 70 emu g −1 was reported for SmCo 5 nanocrystals. Since this method requires a hightemperature (>900
• C) reduction, it is difficult to produce isolated SmCo nanoparticles due to agglomeration and sintering of nanoparticles. Deheri et al [125, 126] also reported a two-step preparation method of the Nd 2 Fe 14 B nanocrystalline powder (sol-gel synthesis followed by hightemperature reductive diffusion process).
Recently, Zhang et al [111] developed a different approach to synthesize SmCo nanoparticles from the previous two-step reductive annealing methods. First SmCo-oxide nanoparticles were made, then these oxide nanoparticles were reduced in a restricted environment to synthesize SmCo nanoparticles (as outlined in figure 11.) CaO was used as the protective material to prevent nanoparticles from sintering in the high-temperature reductive annealing environment ( figure 12 ). This twostep synthesis method demonstrated successfully synthesis of separated SmCo nanoparticles with coercivity reaching 7.2 kOe; however, the yield is very low.
Physical deposition methods
Recently, hard magnetic nanoparticles including FePt and rare-earth alloys have been prepared by physical methods such as the cluster-deposition method [127] [128] [129] , thermal evaporation [130] or laser ablation [131, 132] . Qiu et al [133] directly prepared L1 0 phase FePt nanoparticles by controlling nucleation and growth using a gas phase aggregation source. The FePt nanoparticles became ordered during their growth in an argon gas flow. The as-prepared 5.8 nm FePt nanoparticles had coercivity of 8.25 kOe.
Although many attempts have been made with chemical synthesis, as described in the last section, preparation of rare-earth containing nanoparticles with controlled particle size is still challenging.
Balamurugan et al [129] reported recently a plasma-condensation-type clusterdeposition technique to produce directly ordered rareearth transition-metal nanoparticles without high-temperature thermal annealing. Cluster-deposited single-phase YCo 5 and Y 2 Co 17 nanoparticles with 10 nm size exhibited a roomtemperature coercivity of 8 kOe. Crystalline SmCo 5 and Sm 2 Co 17 nanoparticles were also prepared with coercivity of 2000 Oe and 750 Oe, respectively.
Surfactant-assisted ball milling
As mentioned above, chemical solution methods do not work well for rare-earth containing hard magnetic nanoparticles, while physical methods require expensive equipment. Under such circumstances, our group started since 2004 to prepare rare-earth hard magnetic nanoparticles by adopting an alternative approach, called surfactant-assisted ball milling (SABM) [134] . After several years of exploratory work, Wang et al reported [135] for the first time in 2007 rareearth-based hard magnetic nanoparticles with controllable particle size and decent room-temperature coercivity up to 3 kOe ( figure 13 ). The yield of the nanoparticles is scalable if large-size containers and facilities are used. This facile technique has proven to be an effective method for the production of rare-earth containing nanoparticles (and other highly active materials) and has now become a new avenue to industrial fabrication of nanostructured magnetic materials, including nanoparticle powders, anisotropic bonded magnets and nanocomposite thin film and bulk magnets. Figure 14 shows publications on the preparation of magnetic nanoparticles using the SABM method since 2006 .
In conventional dry or wet ball milling of metallic systems, usually a submicrometre minimum average particle size is obtained even for an extended milling time because the crushed fine particles can be cold welded again during ball milling [175] . Addition of surfactants along with organic solvents in wet milling improves the milling efficiency and prevents the cold welding during milling so that small particles down to nanoscale size can be obtained [134, 135] . In the 1990s, Cambell et al [176] and Kaczmarek et al [177] used surfactants during wet milling of barium ferrite and observed a rapid decrease in powder particles size and homogenization with milling time. In 1996, Kirkpatrick et al [178] reported that particles size obtained by ball milling of the SmCo powder with surfactant was smaller compared with particles milled without surfactant. Systematic investigations on the milling process indicated that the amounts of the solvent and surfactants, which have direct effects on the viscosity of the milled products, play a critical role in the ball milling process [134, 135, 142] . When surfactants (e.g. oleic acid and oleylamine) were used along with a solvent (e.g. heptane) during milling of the magnetic powders a non-transparent nanoparticle solution was obtained along with coarse particles as slurries which quickly sediment to the bottom of milling vials. The surfactants used during milling are absorbed by the fresh surface of particles crushed during the ball milling, leading to a surface modification for the ground particles. Experimental results show that the function of the surfactants is multifold: (1) the surfactants prevent the re-welding of the crushed particles during the ball milling, thus fine nanoparticles can be obtained. (2) The surfactant-induced surface modification can significantly enhance the dispersion of nanoparticles in a solvent, leading to size-dependent floating time in the solutions that provides good opportunities for size selection of the nanoparticles. (3) The surfactants coated on the surfaces also act as lubricants on particle surfaces, which results in a different fracture behaviour from the situation without surfactants. This is probably why the high-aspectratio nanoparticles can be obtained. (4) The surfactants reduce contamination as the protection layers on the particle surface.
Oleic acid and oleylamine have been mainly used as surfactants in preparation of Sm-Co and Nd-Fe-B nanoparticles.
Effects of other surfactants such as trioctylamine, octanoic acid myristic acid, stearic acid, palmitic acid, undecanoic acid and valeric acid on formation, morphology and magnetic properties of nanoflakes have also been reported [148] [149] [150] 154] . It is also found that surfactants can be harmful to magnetic nanoparticles when high-temperature processing of the particles is performed [150] . It was reported that lowering the molecular weight of the surfactant used in the high-energy ball milling process significantly reduces the temperature required to remove the surfactant from particles under a flowing argon atmosphere [154] .
The particles obtained after SABM consist of a wide size distribution ranging from several nanometres to submicrometre. A size-selection process is necessary to obtain nanoparticles with the desired size range [135, 140] .
Wang et al [135] developed a size-selection process based on a sophisticated control of the 'settle-down' time of the nanoparticle solutions and a proper use of centrifugal separation to obtain nanoparticles of difference sizes. Figure 15 shows the TEM and SEM images of Sm 2 Co 17 nanoparticles obtained by SABM milled for 20 h followed by the size-selection process [135, 140, 142] . It was found that the as-milled particles had irregular shapes and a wide size distribution from several nanometres to larger than 50 nm. After the size selection the Sm 2 Co 17 nanoparticles had average size of 6 and 20 nm and the slurry particles were in the submicrometre range.
Broadening of XRD diffraction peaks of the nanoparticles was observed as the grain size significantly was reduced as seen in figure 16 (a) for different sizes obtained using the size-selection process [135, 140, 142] . The particle size and size distribution were also measured and confirmed by small angle x-ray scattering (SAXS) and laser particle size analyser (LPSA). SAXS analysis is a good method to give overall information of the particle size and size distribution (instead of only local information). Figure 16(b) shows the SAXS curves and the fitted size distribution of Nd 2 Fe 14 B nanoparticles of 7 and 20 nm [139] . Figure 16(c) gives the dependence of the particle size on settle-down time, where the particle size was analysed by a LPSA. The inset of figure 16(right) shows the size-dependent coercivity of the Sm 2 Co 17 nanoparticles [140]. Recently, Sm-Co and Nd-Fe-B submicrometre flakelike particles (nanochips) with high aspect ratio have been obtained by SABM with varying milling parameters by Cui et al [146] and Chen et al [151] . Dependence of magnetic properties on thickness of the SmCo flakes was revealed and coercivity over 20 kOe has been obtained for as-milled submicrometre SmCo flakes-like particles.
Fe, Co and FeCo nanochips.
While the SABM technique works well for preparing rare-earth containing hard magnetic nanoparticles, our experiments also show that it works for soft magnetic materials as well [174] . Figures 17(a) -(c) show the SEM images of Fe, FeCo and Co nanocrystals with a high aspect ratio obtained after 1 h of milling. The obtained nanoscale chips have their diameters in the range 20-30 µm and thicknesses in the range 20-200 nm. It was found that with extended milling time, the size of the particles decreased significantly. Figure 17(d) shows the TEM images of the Fe nanoparticles that were obtained from the finest particles floating at the top of the solution. The nanochips showed magnetic anisotropy and can be aligned in a magnetic field [174] . rare-earth hard magnetic materials by SABM has been reported including Sm-Co [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] , Nd-Fe-B [156] [157] [158] [159] [160] [161] [162] , PrCo 5 [164] , Tb-Dy-Fe [165] , Tb-Fe-B [166] and YCo 5 [167] systems. The anisotropic nanochips containing fine grains can be aligned in a magnetic field. As shown in figure 18 , the intensities of (0 0 l) of SmCo and NdFeB diffraction peaks of the aligned samples are enhanced significantly, while other peaks largely disappear, suggesting a (0 0 l) out-of-plane alignment (along the c-axis) [147] .
Alignment of anisotropic nanoparticles. Recently, preparation of anisotropic powder particles of various
The demagnetization curves with substantial difference in two directions confirm the strong anisotropy resulting from the grain alignment along the c-axis in the SmCo and NdFeB nanochips. Experimentally it is found that the anisotropic SmCo 5 nanochips have their c-axis perpendicular to the plane of the chips whereas Nd 2 Fe 14 B flakes have their c-axis along the plane of the chips [146, 147, 160] . Formation mechanisms of the anisotropic chip-like particles are not fully understood, which might be related to fracture along some preferred crystalline orientation during high-energy ball milling in the presence of the surfactants [146, 160] . Introduction of lattice defects, such as a-type edge dislocations, may play a role in the formation of anisotropic particles [179] . Materials such as hexagonal SmCo 5 and tetragonal Nd 2 Fe 14 B with a low symmetrical structure easily form plate-like structures [180] , which upon further milling would result in the formation of anisotropic particles.
Effect of magnetic field during ball milling.
Effects of magnetic fields on metallurgical phenomena are of great interest in connection with microstructural modification and development of high-performance magnetic materials [181, 182] . For example, improved magnetic properties such as a better squareness of the demagnetization curves and higher (BH) max value was reported for mechanically milled SmCo alloys after the magnetic field annealing [181] .
Recently, several studies were reported on an approach to fabricate anisotropic micrometre or submicrometre scale particles containing aligned nanoscaled grains by magneticfield and SABM [144, 147, [183] [184] [185] . The surfactants help to reduce the particle size, while the magnetic field improves the grain alignment of the particles. On comparison, it was observed that the field milled nanochips have increased the M r /M s ratio and decreased misalignment angle (ψ) than those without a field ( figure 19 ) [147] . Figure 20 shows the SEM images of SmCo 5 nanochips (a) milled without a magnetic field and (b) milled in a magnetic field [147] . It was observed that when the milling process is carried out in a magnetic field, the chips got magnetized and formed chains with their surfaces perpendicular to the magnetic field direction as seen in figure 20(b) . The c-axis of the chips was found to be in the direction of the magnetic field. Without a magnetic field, the long-range chains do not form. The improved alignment is associated with the better orientation of each chip with its c-axis in the chain-axis direction (perpendicular to the chip plane in the case for Sm-Co materials).
Nanostructured bulk magnets
As discussed in section 2, remarkable progress has been made in the past two decades in proving the concept of exchange-coupled nanocomposite magnets with enhanced energy densities, including the experimental work in thin films [51, 53, 186] , rapidly quenched ribbons [48, 50, 187] , mechanically milled powders [49, [188] [189] [190] and selfassembled and core-shell nanoparticle systems [59, 103] . However, a few reports can be found for bulk nanocomposite materials because scaling up of the low-dimensional magnets and fabrication of bulk nanostructured magnets remain very challenging. Traditional processing techniques such as casting and sintering are ill-suited for the nanostructured materials because long annealing time at high temperatures lead to excessive grain growth. Recently, nontraditional approaches including rapid thermal compaction (such as shock compaction [191] , spark plasma sintering [192] ) and warm compaction [54] have been adopted for producing fully dense bulk nanocomposite magnets with controlled grain size. Some technical features of these techniques will be discussed as follows.
Rapid thermal compaction
In rapid thermal compaction techniques including spark plasma sintering, shock compaction and explosive compaction, heating of samples can be controlled within a very short time while reaching a high pressure. Recently, bulk nanocomposite magnets have been prepared via spark plasma sintering and shock compaction by consolidation of nanoparticles and amorphous or nanocrystalline alloys powders [191] [192] [193] [194] [195] [196] . These techniques have advantages of effectively restraining grain growth during the consolidation process and obtain high density fine grain materials in a short time [191, 192] . Chen et al [191] reported nearly full density NdFeB-based nanocomposite bulk magnets by shock compaction of meltspun ribbons using the gas-gun compaction system. It was reported that no grain growth was found. Interestingly it was found that there was a decrease in grain size of both hard and soft phases which is believed to be attributed to shear bands during the deformation with high strain rate. Rong et al [192] reported compaction of 4 nm FePt/Fe 3 Pt with 70% density at 600
• C by the spark plasma sintering under the pressure of 100 MPa. It was found that the grain size of the sintered samples remains at the nanoscale after the post-annealing at 700
• C. Jin et al [196] produced bulk nanocomposite magnets with nearly full density by explosive compaction of melt-spun Pr 2 Fe 14 B/α-Fe nanocomposite ribbons. It was found that the explosive compaction resulted in the extensive deformation and introduction of microstructural defects such as twinning and dislocation generation. The compact retained of the original nanostructure. It was also observed that extensive deformation led to a refinement of the grain size.
Warm compaction
High-pressure warm compaction is one of the advanced compaction techniques in powder metallurgy and has been widely used in automobile parts manufacturing in the past decade [197] [198] [199] [200] . This technique is established on the knowledge that metallic powders have better plasticity and compressibility at elevated temperatures and therefore are easier to be deformed to form high density bulks under a certain pressure, compared with cold pressing. Unlike hot pressing, warm compaction is performed at modest temperatures at which the metallic powders are chemically stable and no excessive grain growth occurs. In this section, we discuss a bottom-up approach employed for the fabrication of FePtbased and Sm-Co-based bulk nanocomposite magnets by warm compaction.
FePt-based bulk nanocomposites magnets.
FePt nanoparticles synthesized by chemical solution methods can be ideal building blocks for exchange-coupled nanocomposites bulk magnets (if materials cost is not concerned) [54, 59, 74, 80, 201] . The biggest challenge for the bottomup approach is how to produce bulk nanostructured magnets without losing the homogeneous nanoscale morphology. Conventional compaction and condensation techniques cannot be applied for nanoparticles since those techniques require extensive heat treatments which lead to excessive grain growth. To date, there have been very limited data reported on direct compaction of intermetallic nanoparticles, especially for nanoparticles with size down to several nanometres. [54] demonstrated that high density bulk FePt/Fe 3 Pt nanocomposite magnets can be prepared by highpressure warm compaction of chemically synthesized 4 nm FePt and 4 nm Fe 3 O 4 nanoparticles at modest temperatures. Figure 21 shows the dependence of density of the bulk samples on the compaction temperature under different pressures. It was found that density higher than 95% of theoretical can be achieved at below 600
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• C under pressure equal or larger than 2.5 GPa. The effect of surface condition on the compaction was investigated by comparing the density dependence of FePt nanoparticles with surface-treated nanoparticles (FePt fct nanoparticles coated with carbon). The substantially lower density of the surface-treated samples suggested the importance of surface diffusion and deformation in the consolidation process.
Microstructure analysis of the bulk sample showed that the grain size was not excessively increased after the warm compaction. It was found that the grain size was about 7 ± 3 nm and 14 ± 5 nm for the 20
• C and 400
• C compacted samples, respectively (figure 22) [54] . More importantly, the size distribution was found to be quite small compared with bulk materials fabricated by traditional techniques. Magnetic characterization indicated that increased density leads to enhanced exchange coupling in the bulk samples. Energy products up to 16.3 MG Oe of the isotropic bulk FePt/Fe 3 Pt nanocomposite magnets was achieved, which is significantly higher than the theoretical limit for fully dense single-phase FePt magnets.
Nanocomposites magnets by intensive milling and warm compaction.
As described in previous sections, fabrication of rare-earth containing nanoparticles and nanocomposite materials by the chemical method has limited success. Highenergy ball milling can be an efficient method for preparing nanocrystalline materials [175] , and has been adopted by many groups in the fabrication of nanocomposite magnet systems including the SmCo/Fe hard/soft systems [190, 202, 203] . Recently, Rong et al [55, 204] used similar techniques to fabricate a SmCo/Fe(Co)-based hard/soft nanocomposite material but have carried out a deep microstructural analysis and have found out the plastic deformation induced the nanoscaling mechanism of the soft magnetic phase that leads to a homogeneous distribution of α-Fe phase particles in the hard magnetic SmCo phase (figure 23).
From figure 23 it is seen that the initially equiaxed α-Fe grains in micrometres became narrow and elongated with increasing milling time. After 4 h of milling, homogeneously distributed magnetically soft phase particles were embedded in the hard-phase matrix with sizes smaller than 15 nm [55] . This phenomenon induced by the severe plastic deformation can be attributed to the brittle-ductile two-phase deformation behaviour [205, 206] and is similar to the making of 'extended noodle-Ramen'. Up to 30% of the soft phase can be incorporated into the composites without coarsening (figure 24) [55, 204] . Figure 25 shows the density, grain size and energy-product dependence on the warm compaction temperature for the bulk SmCo 5 -based nanocomposite system. It can be seen that the highest energy product was achieved at temperatures around 400
• C, based on the controlled grain size and the high density. It has been observed that the pressing time also has a significant effect on the properties even where no grain size change was detected. Longer holding time results in a higher energy product by improving the coercivity and the squareness of the hysteresis loops. The reason for this improvement can be attributed to the recent finding that interphase exchange coupling favours interdiffused interfaces (graded interface) [66, 67] 
Anisotropic nanostructured bulk magnets
The techniques discussed above for nanostructured bulk magnet compaction usually end up with randomly oriented grains. The values of remanence and (BH) max will be significantly enhanced if the crystallographic c-axis of the hard-phase grains of the materials are aligned to form anisotropic magnets. It is therefore extremely important to find methods to fabricate for anisotropic nanocomposite magnets.
Texture formation in nanocomposites magnets is vital for yielding anisotropic nanocomposites bulk magnets. Hot deformation is an effective way to induce texture in NdFeB single-phase magnets based on the minor Nd-rich liquid phase along the grain boundaries [207] [208] [209] [210] [211] [212] [213] [214] [215] [216] [217] [218] . Recently, several attempts have been made for preparation of anisotropic nanocomposites magnets by hot deformation [219] [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] . For example, Lee et al [222] reported the hot deformed bulk anisotropic composite Nd 13.5 Fe 80 Ga 0.5 B 6 /α-Fe and Nd 14 Fe 79.5 Ga 0.5 B 6 /Fe-Co magnets by blending a Nd-rich NdFe-Ga-B powder with an α-Fe or Fe-Co powder followed by hot compaction at 600-700
• C and hot deformation at 850-950
• C. The composite Nd 13.5 Fe 80 Ga 0.5 B 6 /α-Fe and Nd 14 Fe 79.5 Ga 0.5 B 6 /Fe-Co magnets had microstructures consisting of a very large soft phase up to ∼50 µm; however, smooth demagnetization curves and (BH) max up to 50 MG Oe were reported.
Hot deformation of nanocrystalline RCo 5 (R = Pr, Sm), RCo 5 /Fe and RCo 5 /Co a alloys has also been reported [224] [225] [226] [227] [228] [229] [230] . Yue et al [225] observed texture formation in the nanocrystalline SmCo 5 alloys prepared by a very high degree deformation at 800-900
• C. It was reported that with increasing height reduction of the sample the c-axis crystallographic alignment improves while coercivity of the magnet increases first, and then decreases again with the increase in the height reduction. Gabay et al [226, 227] investigated hot deformation induced texture and magnetic properties of Sm-Co and PrCo alloys prepared by high-energy ball milling. Recently, Liu et al [230] prepared bulk anisotropic SmCo 5 /α-Fe nanocomposite magnets via chemical coating of soft phase on hard phase followed by hot deformation. As discussed earlier in NdFeB-based nanocrystalline magnets, the Nd-rich liquid grain boundary phase plays a vital role in the formation of texture. Since no similar Sm-rich liquid phase is observed in hot deformed nanocrystalline SmCo 5 magnets, it is assumed that preferential diffusion slip under applied pressure could be responsible for the development of the crystallographic texture in the hot deformed nanocrystalline SmCo 5 magnets [225, 227, 230] .
Recently, Rong et al [231] reported warm deformation of NdFeB nanocrystalline magnets at relatively low temperatures but high pressures compared with conventional hot deformation. Typically, the temperature of conventional hot deformation is at least 100
• C higher than the melting point of the Nd-rich phase (655 • C) [232] to generate enough liquid phase on the NdFeB grain boundaries. However, in the experiments by Rong et al, the deformation temperature is slightly lower than the liquid phase formation temperature. Since at this temperature no Nd-rich phase was observed, the deformation was presumed to be preceded via grain boundary creep. Since grain boundary creep is a diffusion driven process which is time and temperature dependent, a low deformation temperature must be accompanied by a longer deformation time to reach a certain degree of the plastic deformation [233] . It was found that the texturing degree increases with reducing pressure loading rate. Figure 26 shows the demagnetization curves measured along the pressure loading axis of the deformed magnets prepared with different pressure loading rates. The magnet prepared by the largest pressure loading rate had the lowest coercivity and a large kink on the demagnetization curve. A bimodal grain size distribution was observed in the magnet prepared with a fast pressure loading rate ( figure 27(a) ). On the other hand, slowly deformed magnet showed that the grains were well aligned with the c-axis parallel to the loading direction ( figure 27(b) ). It was observed that both deformation temperature and pressure loading rate significantly affect the final crystallographic texture and thus magnetic properties. It is expected that the optimization of the processing may lead to further improvement of texture degree in warmly deformed magnets. In addition to the above reviewed techniques, other unconventional compaction and consolidation methods have been also studied by several groups, with the common purpose to produce anisotropic bulk nanostructured permanent magnets.
Saito et al [234, 235] reported consolidation of amorphous Nd-Fe-B melt-spun ribbon by the compression shearing method. Li et al [236, 237] reported the enhanced magnetic properties of Nd 2 Fe 14 B/α-Fe nanocomposite magnets prepared by a combination of high-pressure torsion deformation and subsequent thermal annealing.
Non-rare-earth hard magnetic materials
As we discussed in the introduction, there have been considerable concerns over rare earth supply in recent years, in case that the rare-earth-based Sm-Co and Nd-Dy-Fe-B magnets have become indispensable in different fields of applications. These concerns have driven a new round of search for non-rare-earth magnets. We will briefly review several non-rare-earth systems under question. The binary MnBi compound exhibits many interesting and unusual properties such as larger magnetic anisotropy (K = 10 7 ergs cm −3 at 500 K) in its low-temperature phase (LTP), the excellent magneto-optical properties in the quenched high-temperature phase and high spin polarization at room temperature [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] . Particularly, the LTP MnBi with the NiAs-type hexagonal crystal structure is promising for potential applications as high-temperature magnets due to its high uniaxial magnetic anisotropy at room temperature and a large positive temperature coefficient (from 150 to 500 K) in contrast to most of ferromagnetic materials [245] [246] [247] . In the past decades, the structural and magnetic properties of MnBi have been investigated in thin film as well as in bulk materials [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] . However, it is proven to be extremely difficult to prepare pure single-phase MnBi in large scale by conventional methods because the formation of single phase is impeded by Mn segregation from the Mn-Bi liquid at the peritectic temperature and extremely slow diffusion of Mn through MnBi at low temperature [247, 249] . Several different approaches have been employed to prepare MnBi over the past decades including arc melting [251] , rapid solidification [249] , mechanical alloying [244] and sintering [252] . For example, Guo et al [248] [249] [250] reported obtaining single-phase LTP MnBi over 95 wt% by rapid quenching from melt to room temperature followed by thermal annealing but the coercivity was 2 kOe at room temperature. Yoshida et al [251] produced LTP MnBi of about 90 wt% of the single phase by zone-arcmelting under a He gas atmosphere. Ko et al [244] fabricated MnBi magnets with coercivity value of 10 kOe and (BH) max up to 5.34 MG Oe using mechanically alloyed powders via the spark plasma-sintering process. Recently, Yang et al [247] reported over 90 wt% LTP MnBi bulk samples produced by sintering and subsequent magnetic purification. The (BH) max up to 7.7 and 4.6 MG Oe was achieved at room temperature and 400 K, respectively. The theoretical value of (BH) max of MnBi is 16 MG Oe. Now several groups are working to push the energy density to the theoretical value or higher by adding soft magnetic phases to form a nanocomposite magnet.
The interstitial α -Fe 16 N 2 compound with the bodycentred-tetragonal structure was discovered by Jack in 1951 [255] . This compound drew great attention in 1972 when Kim and Takahashi [256] first reported unusually high saturation flux density of 2.6 T in Fe 16 N 2 films obtained by evaporating iron onto a glass substrate in low-pressure nitrogen.
Subsequently, various techniques have been employed in the past decades by many researchers to investigate the magnetic properties of thin films [257, 258] and the bulk materials [259] [260] [261] [262] [263] containing α -Fe 16 N 2 phase. Most of studies have been performed on thin films formed by a variety of techniques including molecular beam epitaxy (MBE) [257] , ion implantation [264] , sputtering [265] on different substrates. For example, saturation flux density as high as 3.0 T was reported by Sugita et al [266] in the single-crystal Fe 16 N 2 films grown epitaxially on the GaAs(0 0 1) substrate by MBE in an atmosphere mixed gas of N 2 and NH 3 . Kita et al [267] reported coercivity up to 3.3 kOe and saturation magnetization 108 emu g −1 for Fe 16 N 2 nanoparticles with a diameter of 20 nm prepared by ammonia nitrification of metallic Fe nanoparticles after the reduction from Fe oxide nanoparticles. Recently, Wehrenberg et al [268] performed shock compaction of α -Fe 16 N 2 nanoparticles at −21 and −126
• C in order to evaluate the thermo-mechanical stability of the α phase. The α -Fe 16 N 2 phase was found to partially decompose into α-Fe and γ -Fe 4 N. It was also found that sample compacted at lower temperature produced a higher percentage of the γ phase in addition to the γ -Fe 50 N 50 phase. Recently, research on the α -Fe 16 N 2 compound has been stimulated by the potential to develop low-cost rare-earth free magnets. However, a major difficulty has been that the α -Fe 16 N 2 compound is metastable with a low moderate decomposition temperature and is very difficult to prepare in bulk in the single-phase form [269] . Moreover, this compound has to have significantly high coercivity for application as permanent magnets, which is yet to be demonstrated. For several decades the cobalt carbide system Co n C (n = 1-6) in thin film and bulk materials has been studied for its interesting structural and physical properties [270] [271] [272] [273] [274] . However, fewer reports can be found in studies of their magnetic properties. Co-C compounds have been synthesized in thin film and bulk using various methods including electron beam evaporation [273] , chemical vapor deposition [275] , chemical synthesis [276] , mechanical alloying [277] and heatpressure system [278] . Recently, considerable attention has been drawn to cobalt carbide as a potential candidate for rareearth free magnets when relatively high coercivity has been reported in the nanoparticles prepared by chemical methods [276, 279, 280] . Zhang et al [279] reported cobalt carbide (Co 3 C and Co 2 C) nanoparticles and nanowires prepared by the chemical method. Recently, Huba et al [280] reported coercivity and saturation magnetization values of 2.4 kOe and 38 emu g −1 for Co x C nanocomposite particles prepared by the chemical method, respectively.
Recently, Co-based nanorods and nanowires with the hexagonal close-packed (hcp) structure have shown very interesting hard magnetic properties based on the high shape anisotropy [281] [282] [283] [284] [285] [286] [287] [288] . For fabrication of nanostructured magnets, elongated single-domain particles such as nanorods and nanowires are preferred because of the possibility to align them along in a magnetic field to form anisotropic bulk materials. Several methods including template methods [284, 285] , solvothermal route [289] and direct precipitation of anisotropic metal nanoparticles from solution [282, 290] have been used for synthesis of hcp Co-based nanorods and nanowires with marked coercivity and shape anisotropy. For example, Soumare et al [291] reported coercivity values of as-prepared hcp Co 80 Ni 20 nanowires 3.5 kOe with a mean diameter of 7 nm and an average length of 100-300 nm with the c-axis along the length by polyol reduction of a mixture of cobalt and nickel salts in a sodium hydroxide solution. After the magnetic field alignment the coercivity value of the nanowires assemblies was reported to be 4.8 and 6.5 kOe at room temperature and at 140 K. Dumestre et al [283] obtained high coercivity value of 11 kOe for Co nanorods by decomposition reaction of [Co(η 3 -C 8 H 13 ) (η 4 -C 8 H 12 )] carried out in anisole under the pressure of H 2 in the presence of ligands.
If any of the above-mentioned rare-earth-free systems can be developed to become commercial permanent magnets, or even to replace the current Sm-Co or Nd-Fe-B magnets, as claimed, the landscape will be changed. However, it is our understanding that rare-earth elements, with their unique 4f electron structures, will be irreplaceable in permanent magnets, especially permanent magnets with high-energy density for high-temperature applications. There has been an obvious 'overkilling' in the past few years in the area when the scarcity of rare earths was overemphasized and even exaggerated. As a consequence of the 'rare-earth crisis', this 'overkilling' has even caused many rare-earth magnet users to give up their projects. This, in fact, is not a necessary move. As we indicated in the introduction, light rare earths are earthabundant elements and we should not stop using them [292] .
It is also certain that the development and improvement of rare-earth permanents have not reached the end. Even though the 'Moore's law' development may have ended, a new age of more diversified materials design and development for permanent magnets is coming. In this new age, energy product will not be the only or main merit to pursue. More and more different magnets will be designed and fabricated that fit a variety of application markets with specific required properties and affordable cost. For the market of applications in electric vehicles and wind turbines, for instance, a new type of magnets with high-energy density, high Curie temperature and high coercivity but without containing Dy and other heavy rare earths should be developed to replace the Nd-Fe-Dy-B magnets because the Curie temperature of the Nd 2 Fe 14 B phase is low and the use of heavy rare-earth elements will not be sustainable. A SmCo/Fe nanocomposite magnet may be one of the possible solutions. Although grand challenges remain in developing anisotropic bulk nanocomposite magnets, it is clear that the development of permanent magnets in this century will be profoundly different from last century. Artificially devised composite materials, instead of single-phase materials, will play a more important role. Associated with this, innovated processing techniques will become even more important for future hard magnetic materials development. The extraordinarily high energy products values reported very recently of the Nd 2 Fe 14 B/FeCo and SmCo 5 /Fe thin films have shed more light on future nanocomposite magnets development [293, 294] .
To gain a more comprehensive understanding of the history and current situations of permanent magnets development, readers are suggested to further refer to the early review papers by Buschow [295, 296] , and many recent review papers including those by Coey [57, 246] , by Gutfleish et al [1] , by Kramer et al [245] , by Balamurgan et al [297] and by Lewis and Jiménez-Villacorta [298] .
